Introduction {#Sec1}
============

Natural photosynthesis achieves the conversion of solar energy with a remarkably small set of cofactors. Photosynthetic proteins use (bacterio)chlorophylls (BChls) and carotenoids (Car) both for light-harvesting and charge separation, implying that the functional programming of the pigment chromophores is encoded in their conformation, local environment, and dynamics and is not due to their chemical structure per se. While the architecture of the photosynthetic reaction centers that leads to directional electron transfer is common to all photosynthetic organisms, there is much to be learned about the structure--function relations from the variability in photosynthetic antenna systems, as evolution has led to fundamentally different architectures for harvesting the light, depending on the variability of environmental sun light conditions. One intriguing puzzle that is currently attracting widespread attention is the molecular basis underlying the photophysical mechanism of nonphotochemical quenching (NPQ), a photoprotective switching mechanism that protects oxygenic species at high sun light conditions while optimally photosynthesizing at low light intensities.

During the past three decades, many structures of photosynthetic membrane proteins have been resolved at high resolution by crystallography, but the details of the structure--function interactions and how cofactors are programmed for their function remain to be elucidated. Solid-state NMR may not outperform crystallography for resolving membrane protein structures, but the technique has compelling advantages when it comes to resolving atomic details of pigment--protein interactions in a flexible protein environment. Better understanding of the structure--function motifs across antenna complexes and photosynthetic species in an evolutionary context will provide knowledge on common denominators of functional mechanisms in natural photosynthetic systems. This will guide the design of novel artificial constructs in which dye molecules are preprogrammed in the ground state by engineering of their scaffolding environment to perform the different tasks of light harvesting, charge separation, and photoprotection (de Groot [@CR9]).

In this short review, we illustrate how solid-state NMR has contributed to a mechanistic picture for the functionalization of the electronic structure of photosynthetic antenna complexes. In addition, we will present an outlook on the application of NMR to light-harvesting antennae of oxygenic organisms, which may enhance our understanding of the molecular mechanisms of NPQ.

Preparation of biological samples for solid-state NMR {#Sec2}
-----------------------------------------------------

In NMR, the signals from nuclear spins are characterized by a parameter called the chemical shift, reflecting the variation of the induced magnetic field relative to the applied magnetic field. The dispersion of NMR frequencies is due to the diamagnetic susceptibility of the electrons in their molecular orbitals, i.e*.* the magnetic field at the nucleus is reduced by the electronic shielding from the surrounding electrons. The chemical shifts provide atomic selectivity for well-ordered systems and are highly sensitive to the local environment. In contrast to X-ray diffraction techniques that require long-range crystalline order, solid-state NMR can be applied to ordered systems without translation symmetry, including membrane proteins in a detergent shell or a lipid membrane (Renault et al. [@CR32]; Alia et al. [@CR5]; McDermott [@CR23]).

Magnetic resonance occurs only for nuclei with a net nuclear spin and magnetic moment from an uneven number of nucleons. Commonly studied isotopes in natural systems are the spin ½ nuclei ^1^H, ^13^C, ^15^N, and ^31^P. In the solid-state, the T~2~ spin--spin relaxation time is short due do restricted motions, resulting in broad lines. With Magic Angle Spinning (MAS) and high power decoupling the signal overlap can be reduced. Since the ^1^H NMR chemical shifts fall into a narrow range, indirect detection via heteronuclear coupling with e.g. ^13^C or ^15^N atoms is used to resolve the ^1^H response. Since the nuclear spin species ^13^C and ^15^N have low natural abundance, sample enrichment with additional isotopes is generally required. For biological samples, these have to be incorporated biosynthetically, for instance by using recombinant proteins that are over-expressed in cell cultures grown on isotope-rich media. Antenna apo-proteins can be expressed in *E*. coli and re-assembled with their chromophores into functional complexes, but these reconstituted proteins are not easily produced in the milligram quantities required for NMR in the solid state. The *α* polypeptide of a purple bacterial antenna complex was also successfully expressed in a cell-free in vitro expression system and reconstituted with pigments afterward (Shimada et al. [@CR36]). The advantage of cell-free systems is that isotope-labeled amino acids can be added directly to the synthesis reaction, without losses in the metabolic pathways. In addition, chromophores, membrane lipids, or detergent molecules can be added during the protein synthesis reaction to stimulate protein folding in vitro. For photosynthetic proteins, this could eventually lead to synthesis and folding in one step, with possibilities for selective pigment or amino acid labeling. The first trial of this approach was recently reported for the major light-harvesting complex of *Arabidopsis thaliana*, of which the *lhcb1* apoprotein was expressed in a cell-free system in the presence of pigments or lipid nanodisc membranes (Pandit et al. [@CR29]). As an alternative for over-expression, photosynthetic organisms are grown on isotope-rich minimal media. Labeling experiments included growing of *Chlamydomonas* green algae cells on ^13^C-enriched Na-acetate (Pandit et al. [@CR30]), ^15^N labeling of spinach (Diller et al. [@CR11]), and growing of *Rps. acidophila* purple bacteria on ^13^C--^15^N-labeled succinate medium or by using media enriched with ^13^C--^15^N-labeled algal amino acids (van Gammeren et al. [@CR38]). Intrinsic labeling of (bacterio)chlorophylls was performed in purple and cyanobacteria through addition of isotope-labeled aminolevulinic acid (Ala), a precursor of (B)Chl (Janssen et al. [@CR19]; Daviso et al. [@CR8]).

The light-harvesting complex 2 as an NMR model; the protein {#Sec3}
-----------------------------------------------------------

By controlled growth of purple bacteria in the presence of \[1,2,3,4-^13^C\]-succinic acid, \[1,4-^13^C\]-succinic acid, \[2,3-^13^C\]-succinic acid, or a mixture of uniformly labeled amino acids, a sequence-specific assignment was obtained for the *α*- and *β*-polypeptides that build up the light-harvesting 2 complex of *Rhodopseudomonas acidophila* (LH2) (van Gammeren et al. [@CR40]; Neal et al. [@CR25]). This is the only photosynthetic antenna complex of which an almost complete sequence-specific assignment has been accomplished. For many globular proteins in solution and for some membrane-bound proteins, a sequence-specific assignment enables to predict its secondary structure, since the backbone C~α~, C~β~, and CO chemical shifts cover different ranges for *α*-helical and *β*-sheet proteins, and these ranges are also different from the C~α~, C~β~, and CO dispersion for random coils (Neal et al. [@CR25]; Cornilescu et al. [@CR7]). The differences between the experimental backbone chemical shifts and their random coil values are called the secondary shifts and in general they correlate with the backbone torsion angles *Ψ*, *Φ*, and *ω*. The LH2 secondary shifts, however, showed several mismatches pointing to a *β*-sheet arrangement within the *α*-helical stretches in the crystal structure (Pandit et al. [@CR28]). The irregularities were attributed to localized structural distortions or electronic perturbations, induced by the rigid packing of the pigment--protein complex into a ring-shaped oligomer. Figure [1](#Fig1){ref-type="fig"} shows the mapping of the NMR chemical shift perturbations on the available crystal structure to visualize where local points of conformational strain may occur along the protein backbone. This illustrates how the NMR data reveal information that is complementary to crystallographic data, and this provides synergy, rather than two separate methods for structure determination.Fig. 1Chemical shift mapping of the *Rps. acidophila* LH2 complex. The perturbed secondary shifts are highlighted and correlate with pigment--protein or protein--protein interactions in the assembly

The BChl-coordinating histidines (His) of the LH2 *acidophila* complex were studied extensively by selective ^13^C and ^15^N labeling. The two neutral His that coordinate the BChls appeared to have the NMR signatures of a double-protonated, i.e. positively charged His (Alia et al. [@CR3], [@CR4]). This was explained by a charge transfer in the ground state between the His and their coordinating BChl, resulting in a partial positive charge on the His imidazoles. In density functional theory (DFT) modeling, the effect would disappear if the BChl-His geometry was optimized beforehand, but was clearly present when the coordinates were taken directly from the X-ray structure (Wawrzyniak et al. [@CR43]). Running a geometry optimization would increase the distance between the His and the BChl from 2.12 to 2.31 Å. One could argue that this moderate change falls within the error of the X-ray spatial resolution, and indeed the sensitivity of the NMR chemical shifts to electronic effects, which might be induced by small spatial re-arrangements, exceeds the resolution of the X-ray crystallographic structures. The LH2 His model explained the electronic effects of charge transfer by mechanical stress, induced by the protein conformational constraints in the LH2 oligomer packing. It was speculated that the His-BChl charge transfer could have an effect on the light-harvesting properties. A more clear example how a coordinating His may control the chromophore function was found for the special pair of photosystem II. Here, the inverted electronic charge of the Chl nitrogens in the special pair was explained by a hinge model, in which the coordinating His imidazole ring hangs over the Chl macrocycle, altering its electronic structure in the ground state and its oxidation state compared to PSI (Diller et al. [@CR11]).

The light-harvesting complex 2 as an NMR model; the BChl pigments {#Sec4}
-----------------------------------------------------------------

In addition to the protein chemical shifts, NMR assignments were obtained for the BChl-conjugated macrocycles of the three types of BChl in LH2: the *α*- and *β*-bound BChls that build a ring of BChl dimers, called the B850 band, and the so-called B800 BChls that form a ring of monomers (van Gammeren et al. [@CR39]). To discriminate between the B850 and B800 signals, a sample was prepared from unlabeled LH2 of which the B800 BChls were extracted and substituted with uniformly labeled BChls. The three types of BChls have a distinctive set of chemical shifts, reflecting their conformational structures and variation in the local protein environment. The differences between the NMR signals in the protein-bound BChls and free BChl in organic solvent Δσ determine the electronic structures in the ground state. Recently, the data set was expanded with the BChl assignments of the *acidophila* LH1 complex, the core antenna that forms a ring-shaped oligomer of dimer *αβ* subunits surrounding the photosynthetic reaction center (RC) (Pandit et al. [@CR27]). Due to their less-ordered oligomer structures, crystallization of the LH1 protein complexes has only resulted in low-resolution structures (Roszak et al. [@CR33]; Karrasch et al. [@CR20]). The LH1 structural inhomogeneity similarly induces broadening of the lines in the NMR spectra and in an earlier study on *Rhodospirillum rubrum* LH1 *αβ* subunits reconstituted with ^13^C--^15^N-labeled BChls, only one set of BChl NMR signals was assigned without distinction between the *α*- and *β*-BChl (Wang et al. [@CR42]). In our recent work, NMR assignment of the two types of LH1 BChls was achieved in intact LH1-RC core complexes, using the LH2 spectra as a "template" for the assignment. Two sets of signals were observed, corresponding with the electronic structures of the *α*- and the *β*-bound BChls in LH1 that also form a ring of dimers, similar to LH2. By overlay of the LH1 and LH2 2D-NMR spectra, the BChl ground-state electronic structures of the homologous LH2 and LH1 antenna rings were directly compared, revealing differences and similarities in their conformation or local protein environment with atomic selectivity (Fig. [2](#Fig2){ref-type="fig"}). This method circumvents referencing to monomeric BChl in an organic solvent, of which chemical shift values are biased by the solvent polarity.Fig. 2Comparison of the ground-state electronic structures of *Rps. acidophila* LH1 and LH2 B850 BChls. *Left* Side chain atoms with similar values for the LH1 and LH2 BChls are highlighted in *gray* and differences are highlighted in *yellow.Right*^13^C-^13^C NMR homonuclear correlation spectra of the LH1-RC protein (*green*), overlaid on the spectrum of LH2 (*red*) obtained under similar conditions

The LH1 and LH2 BChl NMR chemical shift patterns on the one hand could not be modeled by the effects of hydrogen bonding, side chain out-of-plane rotation and long-range electrostatic interactions, suggesting that the BChl electronic structures in the ground state are mainly shaped by macrocycle deformation (Pandit et al. [@CR27]). Chlorophyll macroaromatic cycles are readily distorted, which makes for a very flexible electronic structure of the porphyrin ring, where the electronic densities follow the distortions imposed upon the structure due to the predominant electron--phonon coupling. The effect of structural deformation of the chromophores, however, was omitted in prediction of the site energies and corresponding excitonic couplings of the pigments inside the major light-harvesting complex II (LHCII) and of the Fenna--Mathews--Olson (FMO) complex, due to uncertainties in the crystal structures used for the calculations that otherwise could lead to overestimation of the transition dipoles (Muh et al. [@CR24]; Adolphs et al. [@CR1]). Also, here the NMR data thus complement the crystallographic data and eventually may be combined in a synergistic way for more accurate prediction of pigment site energies. For instance, shifting electron density over the macrocycle allows for changing the direction and magnitude of the electric dipole moment and the polarizability tensor, and the local electronic densities behind such processes can be probed through the NMR chemical shift (He et al. [@CR15]; Wawrzyniak et al. [@CR43]).

The chlorosome antennae {#Sec5}
-----------------------

In contrast to the antenna apparatus of all other photosynthetic organisms, the heterogeneous chlorosome antennae of green photosynthetic bacteria contain rod-shaped oligomers of BChl-*c/d/e* molecules that self aggregate without assistance of a protein. Their structural functional features have been the inspiration for self-assembled artificial antennae (Ganapathy et al. [@CR14]; Oostergetel et al. [@CR26]; Balaban et al. [@CR6]). The π--π interactions of overlapping macrocycles from the adjacent BChls give rise to ring-current shifts; an effect in which the electronic ring current of the macrocycles induces a local magnetic field that affects the NMR chemical shifts of the adjacent BChl in the structure with molecular overlap. The magnitudes of the ring-current shifts together with long-range ^1^H-^13^C correlations provide constraints for the packing mode of the BChls in the macrostructures (van Rossum et al. [@CR41]). In conjunction with distance constraints from diffraction techniques and computational modeling, this provided a method to solve a template for the chlorosome self-assembled structure in detail. By constructing a triple mutant, the heterogeneous BChl-*c* pigment composition of chlorosomes of the green sulfur bacteria *Chlorobaculum tepidum* was simplified to nearly homogeneous BChl *d*. Computational integration of solid-state NMR and cryo-electron microscopy revealed a *syn*-*anti* stacking mode and led to a structural model of BChls self-assembled into coaxial cylinders to form tubular-shaped elements. (Ganapathy et al. [@CR13]). The macrostructures are stabilized by C=O∙∙H--O∙∙Mg interactions between the 3^1^ hydroxy group, the 13 carbonyl and the central magnesium, and by π--π interactions between the tetrapyrrole macrocycles (Fig. [3](#Fig3){ref-type="fig"}). Since low-lying CT states are an intrinsic property of higher aggregates of chlorophyll molecules and are likely to mix significantly with the exciton states, the polarizability effects in chlorosome aggregates are strongly enhanced compared to BChl-*c* monomers. The structural framework can accommodate chemical heterogeneity in the side chains for adaptive optimization of the light-harvesting functionality by optical tuning and broadening. In addition, the BChls form sheets that allow for strong exciton overlap in two dimensions, enabling triplet exciton formation for photo protection.Fig. 3Chlorosome NMR template structure, illustrating how large polarizability effects are facilitated by the aligned electric dipoles of the individual BChl molecules

Outlook: the conformational switch in oxygenic light-harvesting systems {#Sec6}
-----------------------------------------------------------------------

Oxygenic photosynthetic organisms have a built-in photoprotection mechanism, in which under excess light conditions the antenna system switches from a light-harvesting to a light-energy dissipating state, in which the excited-state energy is safely dissipated as heat. The photophysical mechanism of NPQ involves a change of the pigment configurations, creating an energy dissipation pathway via one of the pigments. The exact mechanism is under much debate and several models have been proposed, based on intra- or intermolecular conformational changes and/or cofactor exchange (Holzwarth et al. [@CR17]; Ruban et al. [@CR34]; Ahn et al. [@CR2]; Standfuss et al. [@CR37]; Holt et al. [@CR16]). In vitro, fluorescence quenching occurs upon aggregation of the LHCII complexes, with spectroscopic signatures similar to the (Wawrzyniak et al. [@CR43]) state in leaves and chloroplasts, suggesting that they underlie very similar photophysical mechanisms. In particular, Resonance Raman shows a twist of the neoxanthin (Neo) carotenoid upon quenching in vivo as well as in vitro (Ruban et al. [@CR34]), demonstrating that conformational changes indeed occur. For the major light-harvesting complex II from plants (LHCII), conformational switching was observed without self-aggregation of LHCII proteins entrapped in gels (Ilioaia et al. [@CR18]) and of LHCII trimer complexes studied by single-molecule fluorescence microscopy (Kruger et al. [@CR21]). This suggests that the individual antenna complexes have a built-in capacity to switch between different functional conformational states, triggered by the protein local environment that can shift the dynamic equilibrium between the light-harvesting and the NPQ states. A shift of a dynamic equilibrium has been observed before with MAS NMR, e.g. for 7-helix membrane proteins in relation to signal transduction, and NMR is a good method to analyze the relation between structure and the triggering of function for such processes (Ratnala et al. [@CR31]; Etzkorn et al. [@CR12]).

Despite the availability of two high-resolution LHCII crystal structures (Standfuss et al. [@CR37]; Liu et al. [@CR22]), the more subtle conformational dynamics related to NPQ remain to be resolved. In the LH2 NMR model it was shown that by using the X-ray structure of LH2, the NMR data could predict different aspects of conformational strain in the form of localized electronic perturbations, on the level of (1) the protein backbone, (2) the selective pigment-coordinating sites, and (3) the protein-bound chromophores. Recently, the first NMR experiments were performed on the LHCII trimer complexes of the green alga *Chlamydomonas reinhardtii*, which have a high degree of homology with the LHCII complexes of higher plants (Pandit et al. [@CR30]). The dispersion of the NMR signals is good, and possible conformational changes will be observable already in uniformly isotope-labeled samples. The NMR samples can be prepared in aggregated or detergent-solubilized conditions, modulating the photophysical state of the LHCII in vitro. By selective labeling of amino acids, for instance through the use of *Chlamydomonas* auxotrophic amino acid-deficient strains, the role of important amino acids in the quenching process can be followed without the need for mutational approaches. In addition, intrinsic Chl labeling is possible through the supply of isotope-labeled Ala to the cells (Janssen et al. [@CR19]). By sparse labeling of chlorophylls, the NMR signals of these pigments can be resolved from the protein background signals, in order to identify the role of different Chls (Schulten et al. [@CR35]). The assignment of the Car pigments will be more difficult, since there is strong overlap between the NMR signals of their polyene chain ^13^C nuclei. Characterization of the xanthophylls properties by NMR will probably rely on the use of recombinant proteins, where xanthophyll chromophores are substituted by selectively labeled isotopomers (de Groot et al. [@CR10]).

The next challenge is to apply these NMR methods, which have been proven successful for characterization of purple bacterial antennae and of various photosynthetic reaction centers, to the more complex light-harvesting systems of oxygenic photosynthetic organisms, where subtle conformational features may have a functional role in maintaining the integrity of the photosynthetic antenna under high light and drought stress conditions.
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